Optical absorption, Stokes, and anti-Stokes photoluminescence were performed on Er 3ϩ -Yb 3ϩ co-doped fluoroindate glasses. For compounds prepared with a fixed 2 mol % ErF 3 concentration and YbF 3 contents ranging from 0 to 8 mol %, important upconversion processes were observed as a function of temperature and photon excitation energy. Based on the experimental data, two mechanisms for the upconversion ͑or anti-Stokes photoluminescence͒ processes were identified and analyzed in detail. At high Yb contents, the upconversion mechanisms are mostly determined by the population of the 2 F 5/2 levels of Yb 3ϩ ions ͑or 4 I 11/2 levels of Er 3ϩ ions, by energy transfer͒ regardless of the photon excitation energy and temperature of measurement. Moreover, green and red light emission have similar intensities when a large Yb 3ϩ content is present.
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I. INTRODUCTION
Over the last 25 years, the upconversion of infrared ͑IR͒ to shorter wavelengths of lanthanide ions in a wide range of glassy and crystalline hosts have been extensively studied due to their technological applications in the field of optical devices.
1,2 Heavy-metal fluoride ͑HMF͒ glasses, in particular, have attracted considerable attention as favorable host materials for upconversion purposes. The lower vibrational frequencies of the HMF glasses minimize the nonradiative ͑multiphonon͒ relaxation of the excited lanthanide ions improving, in this way, the light emission. For practical reasons, Er 3ϩ -doped HMF compounds are the most interesting since they can be pumped by photons around 800-1000 nm, the wavelength region in which the most powerful diode lasers are presently available. In addition to the hostdependent radiative emission of these materials, the concentration of Er is also of great importance. At high Er contents the distance r between the Er 3ϩ ions is small, and the electric dipole-dipole interactions between the different ions take place with a strength depending on r Ϫ6 . 3, 4 These interactions effectively lower the fraction of the excited Er 3ϩ at a given pump power causing a reduction in the efficiency of light emission. In order to reduce these energy losses, special compounds have been studied either by means of special hosts 5 or by investigating the effect of co-doping with different rare-earth ions.
With the above remarks in mind, a systematic study has been performed in a new class of rare-earth doped fluoride glasses. Er 3ϩ and Yb 3ϩ ions have been incorporated in a fluoroindate glassy matrix and their optical properties have been studied. Both IR and upconverted visible ͑VIS͒ emission of light were investigated as a function of Yb concentration, temperature, and incident photon energy.
II. EXPERIMENTAL DETAILS
Er-containing fluoroindate glasses were prepared with different YbF 3 concentrations. All the glasses considered in this work presented a fixed 2 mol % of ErF 3 ͑the most efficient concentration for upconversion of green light͒ 6 and YbF 3 contents ranging from 0 to 8 mol %. The glass compositions are reported in Table I . After mixture of the chemical precursors, the batch was heated in a Pt crucible at 800°C during 1 h for melting and at 850°C for fining. All the melting, fining, and preparation procedures were performed in a dry box under an Ar atmosphere ͑water vapor р10 ppm͒. After heating, the melt was cast into a preheated mold at ϳ250°C and slowly cooled to room temperature. Finally, the samples were cut and polished in a parallelpiped shape with ϳ2 mm thicknesses. Optical absorption measurements were carried out at room temperature in the UV-VIS-NIR range using a Cary17 spectrophotometer. The emission spectra of Stokes and upconverted photoluminescence were achieved through standard optical setups. The Stokes photoluminescence setup employed the 488 nm line of an Ar ϩ laser, a Ge detector and in-phase techniques. Upconversion spectra were obtained using two different cw photon sources: at 790 nm from a Ti-sapphire solid state laser and at 980 nm from an AlGaAs diode laser. For these cases, the signals were detected by a photomultiplier tube ͑RCA 31034͒ connected to an electrometer. In both setups the emission components were separated by dispersive instruments: a 0. for light emission in the IR and VIS energy ranges, respectively. Radiative lifetimes were obtained from mechanically chopping the cw pumping beam ͑488 nm͒ and by signal averaging the resulting photoluminescence decay with a digital oscilloscope.
III. DATA ANALYSIS
A. Optical absorption Figure 1 illustrates the absorption spectra at room temperature, in the 400-1700 nm wavelength range, obtained from glasses with different doping levels. In the considered IR energy range, Er ions, respectively, occur at the same wavelength, and as can be seen from Fig. 1 , present an absorption coefficient that increases with the Yb content. A rough estimation indicates that the absorption coefficient near ϳ975 nm due to the Yb 3ϩ ions is a factor of four times greater than those exhibited by the Er 3ϩ ions. Figure 2 displays the IR photoluminescence spectra at room and liquid nitrogen temperatures of fluoroindate glasses prepared with a fixed 2 mol % of ErF 3 concentration and YbF 3 contents of 0, 2, and 8 mol %. Some of the observed emissions were identified by numbers in the figure and correspond to either direct ͑2 and 6͒ or indirect ͑1, 3, 4, and 7͒ transitions. 
B. Stokes photoluminescence

C. Anti-Stokes photoluminescence "upconversion…
The light emission spectra in the VIS energy range of glasses ErYb2 and ErYb8 ͑see -doped fluoroindate glasses. The emissions identified in the figure correspond to either indirect ͑1, 3, 4, and 7͒ or direct ͑2 and 6͒ optical transitions. The structure at ϳ1350 nm ͑transition 5͒ is probably associated to some nonintentional contamination during the glasses preparation. 7 Another interesting aspect observed in the present glasses is related to the Yb 3ϩ concentration: glasses with a high content of Yb 3ϩ exhibit green (ϳ545 nm) and red (ϳ660 nm) light emission with similar intensity. It may be noted that, irrespective of the temperature of measurement, the intensity of both green and red emissions are comparable in the ErYb8 glass when pumped by photons with 980 nm contrary to the behavior displayed by single Er 3ϩ -doped fluoroindate hosts. 8 
IV. DISCUSSION
For the glasses being discussed here and within the analyzed range of concentrations, the absorption coefficients at ϳ975 nm scale linearly with the Yb 3ϩ content. It is worth mentioning that most of the radiative transitions in the IR energy range is also dependent on the Yb 3ϩ concentration. Figure 4 displays the integrated intensity and the radiative lifetime associated to the optical emissions at 980 and 1540 nm observed at room temperature. Significative changes in these emissions can be observed for samples containing Yb 3ϩ ions up to ϳ4 mol %. This fact can be understood based on the number of available rare-earth centers: for a fixed concentration of Er 3ϩ ͑2 mol %͒, more Yb 3ϩ ions increase the optical absorption and, consequently, the probability of radiative emission. Yb 3ϩ contents larger than 4 mol %, do not cause great modifications specially in the radiative lifetimes. It is also evident from Fig. 4 that, for Yb 3ϩ con- concentration ͑ErYbX glasses͒. These data were obtained at room temperature and under 488 nm photon excitation. Yb 3ϩ contents larger than ϳ4 mol % do not cause great changes in both the intensity and lifetimes. The lines drawn through the points are guides for the eyes.
centrations larger than ϳ4 mol %, the radiative lifetime associated with the transition at 980 nm is the same as that presented in single Yb 3ϩ -doped fluoroindate glasses. For optimization purposes of the IR upconverted radiation in HMF glasses it is important to identify the excitation and the de-excitation mechanisms. For any process of upconversion of light, the visible output intensity I VIS of the compound is proportional to some power n of the infrared excitation intensity I IR , i.e., I VIS ϰ(I IR )
n . In a log-log representation of I VIS vs I IR the angular slope coefficient n indicates the number of IR absorbed photons per photon emitted in the VIS. These absorption-emission mechanisms depend strongly not only on the pumping wavelength ͑which determines the pumped energy level͒ but also on the glassy matrix. 9 To illustrate these particular features, Table II presents the upconversion power law exhibited by several glasses under different photon excitation. Figures 5͑a͒ and 5͑b͒ show, on the left-hand side, a schematic diagram of the energy levels of Er 3ϩ and Yb 3ϩ ions as well as some possible mechanisms present in the process of upconversion of light. The power law observed in the ErYb2 glass was represented on the right-hand side of Figs. 5͑a͒ and 5͑b͒ for two different IR photon sources. Based on these energy diagrams and on the spectroscopic data, some aspects related to the upconversion in these fluoroindate glasses can be derived:
͑a͒ According to the value of n obtained from the power law, both the green (ϳ545 nm) and red (ϳ660 nm) radiation originate from processes involving two photons (n ϳ2); ͑b͒ taking into account the radiative lifetimes, energy levels, and pumping energy, the green radiation can have its origin from the two-photon-assisted mechanisms indicated in Figs. 5͑a͒ and 5͑b͒ by the labels i, ii, iii, iv and v; ͑c͒ the red emission originates from the 4 F 9/2 level that can be populated via deexcitation of the 4 S 3/2 level. When pumped by photons of 980 nm, the mechanism v is also probable. Note that in spite of the absence of states between the 4 S 3/2 and 4 F 9/2 energy levels, there is a considerable absorption coefficient at these wavelengths due to the glassy host ͑see Fig.  1͒ ; ͑d͒ at low Yb 3ϩ contents, the green radiation is more temperature dependent, and is associated with an increase in the population of the 4 S 3/2 level; 8 ͑e͒ when pumped by 980 nm photons, and at high Yb 3ϩ concentrations, the most striking feature is associated to the relative intensity of the green and red emissions. Moreover, the intensity of green light does not present a great dependence with temperature. It seems that the increase of the population of the 4 I 11/2 ͑or 2 F 5/2 ͒ is the preponderant factor for the upconversion mechanisms. If this is true, the Yb 3ϩ ions can be viewed as a buffer level that drastically increases the probability of excitation from the 2 F 5/2 level ͑or 4 I 11/2 , by energy transfer-ET͒.
V. CONCLUSIONS
Looking for efficient light emitters, Er 3ϩ and Yb 3ϩ ions were introduced in fluoroindate hosts and several optoelectronic properties were analyzed in detail. Both IR and upconverted VIS emission of light were investigated as a function of Yb 3ϩ concentration, temperature, and incident photon energy. For a fixed 2 mol % concentration of Er 3ϩ ions, the Yb 3ϩ content determines several interesting features and two mechanisms for the upconversion phenomena in these HMF glasses were identified. Within the analyzed range of rareearth concentrations the absorption coefficients at ϳ975 nm scale linearly with the Yb 3ϩ content. As a consequence, the intensity of the observed radiative transitions, both Stokes and anti-Stokes, scales with the Yb 3ϩ content and an enhancement of a factor of 4 or 5 could be achieved. At high Yb 3ϩ concentrations, the upconversion processes are mostly determined by the population at the 2 F 5/2 level ͑or 4 I 11/2 level, by energy transfer͒ regardless of the excitation photon energy. Contrary to the single Er 3ϩ -doped fluoroindate glasses, at high Yb 3ϩ concentrations these compounds present comparable green and red light intensities.
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